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LIST  or  SPOOLS 

a Horisontal  acceleration,  ft/eeo.2 

o Wing  chord  at  1%  propeller  radian,  ft. 

• Wing  mean  aerodynamic  chord,  ft. 

g Gravity  acceleration 

v Total  weight  of  the  forced  circulation  systea. 

CL  Lift  cioeffloient 

0^  Lift  oo  efficient  at  take-off  (not  adjusted  for  the  effect  of  ell  pa  trees) 
Cjj  Drag  oo  efficient 

Op^  Parasite  drag  ooeffleiant 

D Drag.  lbe. 

0 Propeller  disaster,  ft. 

PC  Abbreviation  for  forced  circulation,  which  la  boundary  layer  control 

at  high  lift  by  sucking  and/or  bloving  air  through  slots  ahead  of 

daflected  trailing  edge  flaps  and  drooped  ailerons . 

L Lift,  lbe. 

BP  Horsepower  of  the  aain  engine 

hp  Horsepower  required  fay  PS  systea 

X Thrust  reduction  faotor 

S Wing  area,  sq.ft. 

Sg  Take-Off  ground  roll,  ft. 

TQ  Statio  thrust,  lbs. 

T Thrust  at  any  velocity,  lbs. 

V Velooity,  ft. /sec. 

▼t  Take-off  velooity,  ft  ./see. 

W Gross  weight  of  the  airplane,  lbs. 
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LIST  OF  SYMBOLS 


A CL 

aTF 


A v 

p! F 


InorMM  of  lift  oc officiant  per  horsepower  absorbed  by  FC  systes 


Inoreaeo  of  weight  per  horsepower  absorbed  by  FC  sjmtea 


JX  Cocfficlsst  of  ground  friction 

(O  Maas  density  of  air 

€ Down wash  angle,  radians 


Priced  symbols  indicate  that  7C  syatm  is  in  operation 


i 

i 
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Equations  for  take-off  ground  roll  in  terms  of  thro*  parameters 

hP  A w and  A °L 

mr 9 ah r ’ ’z~hT~ 

ere  derived  for  an  airplana  equipped  with  tha  integral  and  the  independent 
forced  circulation  ay  a tee.  In  the  oaae  of  a propeller  driven  airplane,  the 
effeot  of  slipstream  upon  take-off  lift  coefficient  is  taken  into  consider- 
ation. 

The  numerical  example  Illustrating  application  of  the  method  to  a 
hypothetical  snail  jet  powered  and  propeller  powered  aircraft  is  presented. 

Be  suits  indicate  that  the  independent  system  is  more  ef festive  In 
reduction  of  take-off  ground  roll  then  the  Integral  system. 

aragHm« 

The  problem  of  ground  run  during  take-off  was  analysed  and  solved  many 
years  age  by  Diehl  and  later  elaborated  upon  by  others.  The  basic  equation 
of  notion  is  veil  undare  toed  end  the  results  are  usually  given  in  terms  of  the 
net  accelerating  force  and  the  velocity  of  take-off. 

The  application  of  foroed  circulation  (abbreviated  fro*  now  on  as  TO) 
introduces  eevaral  new  factors  which  effeot  the  length  of  take-off  ground  run 
and  at  the  asra  tin#,  complicates  analysis  of  those  feotore  with  respect  to 
their  relative  importance. 
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Thin  report  is  & rovisv  of  the  problss  as  it  is  aff acted  by  the 
application  of  FC  and  an  attempt  to  analyse  the  effeot  of  the  three  ha Jar 
parameters 


and  A pL 
a hp 


upon  takeoff  performance 
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I.  JBT  TO  AIR  GRAFT  (5LXPSTRSAK  IS.  ABSENT) 

Application  of  foroed  circulation  presents  two  ouut 

(A)  Integral  FO  System  where  the  main  engine  of  the  airplane  auppliee 
motive  power  to  pump  air. 

(B)  Tnde^nandent  FC  System  where  power  to  pump  air  is  obtained  from 
other  source*  than  the  main  engine.  Equations  for  tag  e-off  ground  run  with 
PC  system  im  operation  and  the  criterion  for  the  optimum  division  of  power 
between  the  main  engine  and  PC  system  will  be  developed  for  oach  oa aet 

a.  fetgffai  .fg  grata 

It  can  be  shown  (See  Appendix)  that  ground  run  during  take-off  can  be 
approximated  by* 


Sinoe  e portion  of  the  main  engine  power  la  diverted  to  operate  the  PC 
system,  the  reduced  static  thrust  can  be  expressed  asi 

I0'  = *o  ( 1 - -gj-  ) (14) 

Similarly,  the  increased  take-off  lift  oooffloient  can  bo  written  ast 

V s °H  * (££-)  ••  <«> 

Finally,  the  increased  gross  weight  due  to  the  installation  of  the 
system  can  be  accounted  for  asi 


w>  - w.4 


hp 


(18) 
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Substituting  (16), (17),  and  (18)  Into  (9^  *•  obtain: 

[W+(^V)  $ 

T£M 


V = 


(») 


y-* 


-/• 


[ 

l 


+ w 


hp 


*»h 

— • M.  * 


Equation  (9)  and  (19)  furnish  diraot  comparison  of  tho  taka-off  ground  run  of 

an  airplaaa  without  and  'with  90  when  a osrtain  horsopovar  la  divartad  trim  tha 

aaln  angina  to  oparata  tha  PC  ayratan. 

If  tha  optima  diriaion  of  povar,  ( hP  j is  sought,  squation  (19) 

V HP/ opt. 

ba  writ  tan  in  tha  following  fora: 


HP 


V = 


f>  & 


-V— > 

HP  hp/ 


(19a) 


is  (1  - x) 


HP 


vhara  x — 


HP  ' (,Ahp  ) 

"hp 
HP 


2l  + 

HP  ^ V A 


-V 

hp  ) 


- &' 


Biffarantiating  aquation  (19a)  with  raspaot  to  x,  aqu&ting  to  saro  and  solving 
for  x va  obtain: 

AO H / \ Ol.  /_  \ w ( °Lt  Allp 


{*.)  = 

\ HP  /opt. 


p(T°-^vJ  - iv~(‘ 


(*££-•) 


A V 


ACl 

atcf’V 


s) 


(20) 


I I - vi 
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where 


A Cl  _ ACL  Ah? 
A * Abp 


The  ahnrtast  take-off  ground.  - 3SS  min.  sen  be  calculated  bj  eubetitutlng 
the  maeerioal  value  of 


(~-)  into  {19a). 
\ HP  /opt. 


B.  iBdypfBfltBt  glfcfatt 

Since  in  thie  case  power  to  operate  the  system  is  not  taken  off  the 
main  engine  equation  (16)  reducea  to 

T’o- 

Then  equation  (19)  takes  the  following  forai 


SgM  - 


if  4- 


&)• 


(a) 


"4 


-/ 


+ (zii£)  hp 


- a»» 


Equations  (9)  and  (21)  allow  oonparison  of  the  take-off  ground  run  of  an 
airplane  without  and  with  FC  when  a given  hp  to  operate  FC  system  le  supplied 
by  an  auxiliary  power  plant. 

Again,  if  the  optimal  divieion  of  power  is  desired,  equation  (21)  can  be 
written  an: 

HP 

— I " 

HP 


Sg-  = 


/O  IS 


• • * ■ \ 

— 4 /—  )x 
HP  V L hp/ 


LHP  l* 


\hp; 


- HP yUL 


CLt  . /a  ^ 
HP  1 ( Ahp/ 


- 


(21a) 


_ a*« 


• » v » > . - 
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ip  bafors,  by  Minimising  squation  (21a)  va  obtains 

AOl  “ 0 

hp  _ A y 
HP  opt. 


V 

H? 


(Te  -/L  W)  _ Jifl_  (2T0  -/Aw)+-JLb« 

Hp  A ' HP 


- ~k?  <*+a°h) 

Tha  shortast  taka-off  - Sg»Min.  011X1  Ha  obtained  by  aubatltatlng  numarioal 

ralua  of  (JaJ  into  aquation  (21a).  Equations  (20)  and  (22)  proTida 
' HP/opt. 

a eonranlent  asancS  to  study  tha  affaet  of  tha  thraa  major  paranatars 


hp  t A Cl 


HP  A hp 


and 


A v 
A hp 


(22) 


upon  taka-off  ground  roll. 


II.  PMFELLm  DRTVBI  AIRCRAFT  (SLIPSTREAM  IRgSSHll 


*•  laitaal  3z*Sm 

Substitution  of  (16) , (17)  and  (28)  Into  (I2)ylaldss 
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Repressed  in  termo  of  x - 


hp 

“3? 


equation  (23)  can  be  written  ui 


where 


u 


Differertiation  of  aquation  (23a)  loads  to  a ounbersone  expression  whiah  dofoata 

tho  porpoao  of  the  analyaia  and  therefor*  la  not  preaented  her*.  Th*  optimal 

„ h£ and  therefor*  the  nlnlnun  oan  be  calculated  by  solving  equation  (23a) 

HP  " 

for  several  values  of  x. 

B.  Independent  STPtM 

is  before.  In  this  oase  7'0  z T0  and  equation  (23)  and  (23a)  ar*  still 
valid  provided  that  T0  la  substituted  for  Tc  (l-x) . 
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The  following  nuaarieal  constant#  vers  need  in  order  to  ilinst-rate 
Method  of  analysis i 

W - 2,000  Iba. 

S - 175  aq.fi. 

HP  - 200 

Te  Z 1,000  lba. 

Ju L z 

M - .6 

Jet  Dr Iran  Aircraft) 

Propeller  Driven  Aircraft) 

.05 

The  listed  ahcre  oonstanta  vero  inserted  in  equations  (19a),  (21a),  and 
(23a) . The  equatione  vere  solved  for  x ranging  frca  0 to  1.0  end  results 
are  presented  in  Pigs.  ( 2 ) and  ( 3 ). 


K - .200  (without  TO) 
a*  - .150  (with  re) 

Cy  . — 1. 5 (Cass  1 — 
Cj^  - 1.5  (Case  2 - 

= 3,  5,  and  7 


Aw 

Ahp 


A 


A hp 


- .03,  .04  and 
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The  ooaparatlTe  chart#  (Tig.  2)  and  {Tig.  3)  show  that  is  both  oases, 
with  and  without  alipatreaa  tha  independent  FC  inrstaa  holds  nor*  preala* 

•f  reduction  In  take-off  ground  roll  than  tha  integral  »jsta  under  the 
•an*  oondltloaa.  This  oaa  ba  explain ad  by  tha  decree**  of  engine  thrust 
do*  t*  absorption  of  power  by  TC  cysts*. 

In  the  case  of  Independent  ays  ten,  the  maxiaua  reductions  in  ground 
roll  oamir  at  anoh  higher  power  ratios  than  for  tha  integral  ays  tens. 


anoiaivia  oos  x oei  torn  «3*'  enoietvic  os  x os  bot  0-,  sinxq  rnms»A3jr> 
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SOPATIOtB  fCR  TAlg-0 FT  STOMP  ROLL 

Acetndng  that  the  dear****  in  static*  throat  ia  a funatio*  of  V®,  or 
T = T0  - 1/2/  ”2X  (1) 

tha  ground  run  of  an  airplane  during  taka-off  can  be  calculated  with 
auffleiant  accuracy  bjr 

Sg  r 1,2/  2*  (2) 

where  horizontal  acceleration 

a - g/W  |^T-D-m- (W-L)J  (3) 

ia  ooaputad  at  V r l/TT  Vt 

Tha  niUMrioal  value  of  this  oonatant  la  baaed  on  the  fact  verified  by 
macro ua  flight  taata  that  tha  reciprocal  of  tha  horiiontal  acceleration 
la  very  nearly  a linear  function  of  the  velocity  squared.  (Bef.  2) 
Substitution  of  (l)  into  (3)  gives: 

« - g [VV  1/2  f V2  3/V  (Cfc  -/CCL  -+  K/S)J 

At  ? Z Vt  equation  (4)  oaa  be  written  aat 

A-  S f?oA  -a  - .5/%.  (CD  - AC  Cl  4-  K/s)J 
Substitution  of  (5)  into  (2)  yields: 

W 

p g s (7*a/V  -^u-)  C^.  - .5  (Op  -/^Ci.4'  VS) 


I : 


(4) 

(5) 

(6) 


For  the  given  static  thrust,  gross  weight,  coefficient  of  ground  friction 

take-off  lift  coefficient,  ground  run  la  a ninlaue  when  tha  tarn 

K 

°D  7^°!+  “ 

vaniahee.  This  tana  can  be  written  aai 

°D +•  P °1  2 


(7) 
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where 

/3  = 

I dCj,2 

is  s slops  of  the  llnesrissd  polar  of  the  airplane.  Minimising  (7)  with 
res  pert  to  we  obtains 

Ct  ' ^ » 

* ^ns 


Then,  for  minim*  air  and  ground  resistance  ten  (7)  beooaesi 
°DP 

Substituting  (8)  into  (6)  we  obtains 

V 


(8) 


* ’ ih  ‘/X  - B 


(9) 


where 


a 


--  •’%  -^p  + ~r) 


The  nuMerloal  value  of  K is  obtained  fron  the  propeller  character! etl s 
Surra  and  and  are  determined  frca  tbs  polar  curre  of  the  airplane  in 
the  take-off  configuration, with  and  without  F.C. 

Op  to  this  point  the  effeot  of  propeller  slipstream  has  not  bean  taken 
into  oonsideratlon  implying  that  equation  (9)  is  applicable  only  to  jet 
powered  aircraft. 

The  effeot  of  slipstream  upon  take-off  lift  coefficient  can  ha 

expressed  ass 

n n* 

(Referenoel2)  (lO) 


*Te0 L 


o D2 

7 T" 


where  I is  a oonstant,  nueerloal  value  of  which  depends  upon  flap 
deflaotion  and  the  nusber  of  propellers. 
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f>*2  p2 

= *o-ip^k 

- pi  ?t 

equation  (10)  oan  be  written  as: 


Slnos  T0 

I 

? 


low, equation  (9)  beoomesi 


(12) 


Siao#  Oj^  has  previously  been  taken  to  be  the  VC  augmented  ving  lift 
coefficient  at  the  take-off  altitude,  the  question  arises  whether  the  increment 
of  lift  due  to  slipstream  should  be  computed  using  the  basis  wing  lift  ooeffiolent 
or  the  lii't  ooeffiolent  after  augmentation  by  VC, 

Equation  (10)  may  os  checked  using  the  momentua  theory,  to  dotermino 
whether  the  effeat  of  velocity  increment  in  the  slipstream  and  the  effect  of 
PC  are  actually  interdependent.  Assume  that  the  effect  of  PC  is  simply  to 
increase  the  downvaah  angle,  and  that  the  effect  of  the  propeller  is  simply 
to  increase  the  air  velocity  in  the  slipstream  without  affecting  the  down- 
wash  angle.  Then,  for  no  slipstream  present,  the  resultant  force  on  the 
airplane  vihg,  assisted  nearly  equal  to  the  lift,  is 


*.=  r 


trt£ 

4 


V€ 


(13) 


TITLE. 


17 


PREPARED  BY_ DATE. 

CHECKED  BY _ DATE 

FORM  OS 


l.VNFIDEfi  i .AL 
CESSNA  AIRCRAFT  CO. 

WICHITA.  KANSAS 


PAGE. 

REPORT  NO  . _1320  

MODE! 


Tbs  resultant  foroe  with  slips trea*  present  le  approxisataiy  (Tig*  1) 

, = - p£*  v02*  + (££!<v-AT)*e 

4 1 4 4 

z /°JL fZte  D2  (2V0AV-t-  ^V2) 


or 


(2  AV2) 


(14) 


with  one  propeller  ef  dia.ee ter  D. 

In  tense  of  lift  ooefflolent  lnorenent 


. . o fi  w 2 - rtl'tD2  /«  „ /vLZ, 

A^Le  ~l~— — v*  »0-.f 


or 


. . 1)2  (H.4H4I2! 

A0%-  "2  -3  = 


V 2 

’O 


But  rrce*  (13), 


AR  £ 


eo 


D2 


ac%  ^ iL^fL 


(15) 


whioh  1»  similar  in  form  to  equation  (10),  Therefore  the  value  of  Cj,  to  be 
used  in  equation  (10)  is  that  augmented  bjr  BLC.  Unpublished  respite  of  wind 
tunnel  tests  oonduoted  at  the  Onivareitj  of  Wichita  eonfLm  the  above o 
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